BACKGROUND: There is emerging literature demonstrating a relationship between the timing of feeding and weight regulation in animals. However, whether the timing of food intake influences the success of a weight-loss diet in humans is unknown. OBJECTIVE: To evaluate the role of food timing in weight-loss effectiveness in a sample of 420 individuals who followed a 20-week weight-loss treatment. METHODS: Participants (49.5% female subjects; age (mean ± s.d.): 42 ± 11 years; BMI: 31.4 ± 5.4 kg m À 2 ) were grouped in early eaters and late eaters, according to the timing of the main meal (lunch in this Mediterranean population). 51% of the subjects were early eaters and 49% were late eaters (lunch time before and after 1500 hours, respectively), energy intake and expenditure, appetite hormones, CLOCK genotype, sleep duration and chronotype were studied. RESULTS: Late lunch eaters lost less weight and displayed a slower weight-loss rate during the 20 weeks of treatment than early eaters (P ¼ 0.002). Surprisingly, energy intake, dietary composition, estimated energy expenditure, appetite hormones and sleep duration was similar between both groups. Nevertheless, late eaters were more evening types, had less energetic breakfasts and skipped breakfast more frequently that early eaters (all; Po0.05). CLOCK rs4580704 single nucleotide polymorphism (SNP) associated with the timing of the main meal (P ¼ 0.015) with a higher frequency of minor allele (C) carriers among the late eaters (P ¼ 0.041). Neither sleep duration, nor CLOCK SNPs or morning/evening chronotype was independently associated with weight loss (all; P40.05). CONCLUSIONS: Eating late may influence the success of weight-loss therapy. Novel therapeutic strategies should incorporate not only the caloric intake and macronutrient distribution-as is classically done-but also the timing of food.
INTRODUCTION
Many factors have been recognized to influence the success of a dietary intervention in obesity. 1 Indeed, obesity is a heterogeneous condition and individual responses to standardized protocols targeting weight loss are highly variable. 2 In real life settings such as obesity treatment programs, physiological and psychological factors, some of which may carry a strong genetic influence, interact with environmental factors in a complex manner. [3] [4] [5] However, the current therapeutic strategies are mostly focused on the imbalance between energy expenditure and caloric intake. Recent studies link energy regulation to the circadian clock at the behavioral, physiological and molecular levels, [6] [7] [8] [9] emphasizing that the timing of food intake itself may have a significant role in weight regulation. 10 In this regards, there is emerging literature in animals demonstrating a relationship between the timing of feeding and weight regulation.
11 Rhythmic feeding appears to be the major synchronizer for peripheral oscillators. 10, 11 Thus, unusual feeding time can produce a disruption of the circadian system by inducing internal desynchronisation through decoupling of peripheral oscillators from the central clock, the suprachiasmatic nucleus (SCN). 12 This differential synchronization induced by abnormal feeding habits might produce unhealthy consequences also in humans. 13 Furthermore, one of the most influential discoveries relevant for this area of research in the last years is the presence of an active circadian clock in adipose tissue.
14 New data suggest that there is a temporal component in the regulation of adipose tissue functions. 15 In fact, studies performed by microarrays have shown that a substantial percentage of active genes expressed in adipose tissue in both humans and animal models follow a daily rhythmic pattern. 16, 17 Thus, a specific temporal order in the daily patterns of these genes appears to be crucial for adipose tissue to exclusively either accumulate fat or to mobilize fat at the proper time, a phenomenon known as temporal compartmentalization. 18 Taking into account that feeding is the source of energy for adipose tissue, the time of feeding, particularly for high-energycontent meals, may be decisive, and changes in this timing could have metabolic consequences for the development of obesity and perhaps for weight loss.
Over the past two decades, biochemical, genetic and molecular studies have been making substantial advances towards the elucidation of the molecular bases of rhythmicity in biology. From the genetic epidemiology point of view, the study of single nucleotide polymorphisms (SNPs) is contributing to the identification of the genetic background of chronotypes (morningness or eveningness), sleep alterations or seasonal mood disorders.
What is more, different studies have already related clock genes' SNPs with obesity 5 and weight loss. 20 Nevertheless, whether the timing of food intake is related to clock SNPs and more importantly, if the timing of food intake influences the success of a weight-loss diet in humans is still unknown. Given all the above mentioned, the goal of this study was to evaluate the role of food timing in weight loss in a sample of 420 participants following a behavioral treatment for obesity based on a Mediterranean diet. Behavioral, physiological and genetic aspects that could influence differences in weight-loss response were also considered. ) were voluntarily attending five nutrition clinics in the southeast of Spain for dietetic and behavioral treatment to lose weight based on the principle of the Mediterranean diet and behavioral and cognitive techniques (Método Garaulet), which has been described previously. 1 Patients attended an outpatient clinic specializing in obesity treatment for the first time or were ex-patients who had not participated in the program for at least 2 years. All subjects came from the city of Murcia, located in the southeast of Spain on the coast of the Mediterranean Sea. 18% of the initial volunteer subjects were excluded because they were subjects on a special diet, under treatment with weight-loss medication, or they had a diagnosis of diabetes mellitus, chronic renal failure, hepatic diseases or cancer. Finally, a total of 420 overweight and obese subjects participated in the study. Dietary intake was assessed in all participants before the beginning of the treatment and results were monitored during a 20-week-treatment period. All procedures were in accordance with good clinical practice. Patient data were codified to guarantee anonymity.
SUBJECTS AND METHODS

Ethics
Written informed consent was obtained before subjects were accepted and was performed in accordance with the Helsinki Declaration of Human Studies of 1975, as revised in 1983 and approved by the Ethical Committee of the University of Murcia.
Intervention
The structure of the program has been described elsewhere in detail. 21 Subjects attended 60-min therapy sessions once per week in groups of 10. Duration of the program was variable depending on the weight-loss goal, although it lasted B5 months in most of the patients studied. Once they achieved their weight-loss goals, they followed a 5-month-maintenance period. During maintenance, meetings were held every 2 weeks initially and monthly afterward. Weight loss was recorded weekly during the first part of the treatment (the weight-loss part) in order to study the weight-loss evolution. Throughout the whole program, sessions were conducted by a food and nutritional professional. Treatment was based on four main components:
1 dietetic treatment, based on the principles of the Mediterranean diet, in which the distribution of macronutrient components followed the recommendations of the Spanish Society of Community Nutrition; 2,22 nutritional education; 3 moderate physical activity intervention and 4 cognitive-behavioral techniques, including stimulus control, selfmonitoring, positive reinforcement, preventing relapse and cognitive restructuring, following a structured protocol. 23 A complete description of the intervention and the effectiveness of the intervention can be found in Corbalán et al. 1 (2009) . Patients received recommendations about the number of portions that they should eat from each group of food. However, no advice was given to the patients with regard to the food timing and daily energy intake distribution during the treatment.
Obesity and metabolic syndrome parameters Each participant was weighed while barefoot, wearing light clothes, on a digital scale that measured to the nearest 0.1 kg, at the same time of the day (in the evening), once per week before and throughout the treatment period. Height was measured using a Harpenden digital stadiometer (rank 0.7-2.05). Each participant was positioned upright, and relaxed with head on the Frankfurt plane. BMI was calculated as weight (kg) height(m) À 2 . Total body fat was measured with bioelectrical impedance using TANITA TBF-300 (TANITA Corporation of America, Arlington Heights, IL, USA) equipment. Body fat distribution was assessed by anthropometric measures, including waist circumference at the level of the umbilicus and hip circumference, with the widest circumference over the greater trochanters. 24 All measurements were made with a flexible and inextensible measuring tape.
Glucose, cholesterol, triglycerides, lipoproteins' concentrations of plasma were determined by automated chemical analysis (IL ILAB 600 Chemistry Analyzer of Instrumentation Laboratory, Holliston, MA, USA). HDL-C was measured after precipitation of apoB-containing lipoproteins with dextran sulfate and magnesium. 25 LDL-C was calculated as total cholesterol-(HDL-C þ VLDL-C), when the triglyceride was o4.52 mmol l À 1 . 26 Energy intake before and during treatment
To evaluate habitual dietary intake before the treatment, intake was determined by the '24-h-dietary recall', including 24-h recalls of food intake from all days of the week in the total population. Dietary intake during the treatment was assessed by the '7-day dietary record' measuring and weighting food daily. Subjects recorded their dietary intakes for 7 days, every week during the whole intervention. Patients also recorded the time of day when each meal (for example, breakfast, lunch and dinner) was eaten. After excluding atypical weeks due to vacations, sickness and so on, we randomly selected 1 week from the total treatment in each patient to analyze data in order to cover the 20 weeks of treatment and to obtain an overall picture of the dietary intake along the whole weight-loss period. Importantly, patients indicated in each weekly notebook whether or not this was a usual week, and after double checking by the nutritionist, a representative week was chosen for the study.
Total energy intake and macronutrient composition were analyzed with the nutritional evaluation software program Grunumur, 28 on the basis of Spanish food composition tables. 25, 26 Energy expenditure Total energy expenditure was calculated by multiplying each individual's basal metabolic rate with the individual activity level as assessed by metabolic equivalents (METs). Basal metabolic rate was estimated by the Harris-Benedict equation. METs were calculated by use of the International Physical Activity Questionnaire (IPAQ) that was administered with the help of a nutritionist and assessed physical activity over the last 7 days. The IPAQ was developed for adults between 18 and 65 years, assessing the different domains of physical activity (work, transport, house and garden and leisure time). A total activity score reflecting intensity and time was calculated as METs expressed in minutes per week for the four domains combined. The IPAQ instrument has been validated internationally and in a Spanish population, in which good correlation with accelerometer data was obtained. 29, 30 Morningness/eveningness questionnaire Subjects completed the morningness-eveningness questionnaire (MEQ) 19-item scale of Horne and Ostberg. 31 Morningness-eveningness typology is a way to characterize subjects depending on individual differences of wake/sleep patterns and the time of the day people feel or perform best. Some people are night 'owls' and like to stay up late at night and sleep late in the morning (evening type), whereas others are 'early birds' and prefer to go to bed early and arise with the break of dawn (morning types). The majority of people is in between these two extremes and is categorized as 'neutral types'. 32 Evening types were those scoring under 53 and morning types were those scoring above 64. All subjects within the range of 53-64 were classified as neutral types. 32 
Sleep duration
Habitual sleep duration was estimated by a questionnaire. 'During week days: How many hours (and minutes) do you usually sleep?' and; 'During Timing of food intake and weight loss M Garaulet et al weekend days: How many hours (and minutes) do you usually sleep?'. A total weekly sleep score was calculated as: (( min weekdays Â 5) þ ( min weekend days Â 2))/7. 3 Appetite hormones: leptin and ghrelin Fasting blood samples, collected at 0800 hours were centrifuged at 4 1C, and the plasma was stored at À 70 1C for subsequent analysis. Plasma leptin and ghrelin samples were measured by radioimmunoassay (Linco Research, St Charles, MO, USA). All samples for leptin and ghrelin were run in duplicate.
DNA isolation and clock genotyping DNA was isolated from blood samples using routine DNA isolation sets (Qiagen, Valencia, CA, USA). We performed genotyping of CLOCK gene polymorphisms using a TaqMan assay with allele-specific probes on the ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA). We selected tag SNPs as effective proxies for untyped SNPs in strong linkage disequilibrium (LD), by using the Tagger23 based on HapMap Caucasian European Utah data (www.hapmap.org) with a minimum minor allele frequency 0.10 and a minimum r 2 of 0.8. Different SNPs of CLOCK previously related with obesity or metabolic syndrome rs3749474, rs1801260, rs4864548 and rs4580704 were selected. [33] [34] [35] Statistics Firstly, subjects were dichotomized in early and late eaters for breakfast, lunch and dinner using the median values of the population as the cutoff point. Differences between early and late eaters in weight loss were analyzed by analysis of variance (ANOVA). To study weight-loss evolution during 20 weeks of treatment, a repeated-measures ANOVA was used. Further ANOVA analyses were only performed for lunch eaters because this was the only meal timing associated with weight loss. w 2 -square tests were also used to test differences in percentages between late and early eaters. A dominant model was applied in every CLOCK SNP as previously described. [33] [34] [35] ANOVA and partial correlation analyses were also used to test independent associations between sleep duration, chronotype and genotype, and weight loss. We adjusted analyses for sex, age, nutritional clinic and BMI. Statistical analyses were performed using SPSS 15.0 software (SPSS). A two-tailed P-value of o0.05 was considered statistically significant.
RESULTS
Our results indicate that late lunch eaters lost significantly less weight than early eaters ( Figure 1 ). As shown in Figure 1 , the weight loss pattern during the 20 weeks of treatment also differed between late and early eaters in a way that late eaters displayed a slower rate of weight loss starting after the 5th week of treatment, a difference that was maintained during the remaining intervention period (P ¼ 0.002; Figure 1 ). Differences were significant for total weight loss (kg), percentage of weight loss from initial weight and weekly weight-loss rate (Table 1) . However, no differences were found in weight loss dependent on the timing of breakfast or dinner (see Table 1 ). Table 2 represents the initial characteristics of the subjects studied depending on the median value of meal intake (before and after 1500 hours). As no interaction was found with gender for the main outcome (weight loss), data from men and women were pooled together. No significant differences were found in age, gender distribution, obesity-related variables and metabolic syndrome characteristics between the early and late lunch eaters except for HOMA, an index of insulin resistance, which was significantly higher in the late eaters.
Habitual energy intake, total energy expenditure and physical activity were also similar between the late and early eaters. Moreover, no significant differences were found between the two groups studied in appetite hormones and sleep duration. Nevertheless, late eaters were more evening types (lower MEQ score) than early eaters as assessed by the morningness-eveningness questionnaire (P ¼ 0.032).
Regarding the genetic background from the different SNPs (Table 2) , for CLOCK rs4580704, the minor allele (G) that has been previously associated with obesity 33 was significantly more frequent among late eaters than in early eaters (P ¼ 0.015). Furthermore, the minor allele carriers (G) had lunch significantly later than major allele carriers (mean ± s.d.: 14:44 ± 00:33 versus 14:36 ± 00:28, respectively; P ¼ 0.001). No significant associations were found between meal timing and the other CLOCK SNPs studied.
The characteristics of the diet during the weight-loss intervention between late and early eaters are shown in Table 3 . Surprisingly, total daily energy intake was similar between both groups. Moreover, no significant differences were found for dietary composition during the weight-loss treatment.
In this Mediterranean population, lunch constituted the meal with the highest energy content: 40% of total daily energy intake (see Table 3 ). It is important to note that no significant differences were found between late and early eaters for lunch and dinner energy intake. However, late eaters had less energetic breakfasts (percentage of daily energy intake; P ¼ 0.031), and skipped breakfast more frequently that early eaters (6.6 versus 2.6%; P ¼ 0.039). With respect to the macronutrients distribution in lunch, no significant differences were found, apart from a lower protein intake among late eaters (Table 3 ). 
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Of note, the timing of lunch intake was significantly and positively correlated with the timing of dinner (r ¼ 0.171; P ¼ 0.0004) in a way that late eaters for lunch, were also late eaters for dinner. However, no significant correlations were found between the timing of lunch and that of breakfast (r ¼ 0.042; P ¼ 0.393).
One notable outcome was that sleep duration, CLOCK SNP and morning/evening chronotype, was not independently associated with weight loss (P40.05, ANOVA; Table 4 ). There was also no significant correlation between weight loss and chronotype within either the early eaters (r ¼ 0.04; P ¼ 0.57) or the late eaters (r ¼ À 0.02; P ¼ 0.89), separately, suggesting that differences in weight loss between both groups were not due to the natural predisposition to early or late meal timing based on chronotype.
DISCUSSION
This is the first prospective longitudinal study to show that timing of food intake relates to weight-loss effectiveness in humans. In 420 overweight/obese patients undergoing a 20-week weight-loss diet, those who ate their main meal late lost significantly less weight than early eaters. This difference in weight-loss success was not explained by differences in caloric intake, macronutrient distribution or energy expenditure. Timing of food intake was associated with genetic variance in CLOCK, morningness-eveningness, lunch protein intake, and HOMA. As far as we are aware, no previous studies have investigated the relationship between the main meal timing and the long-term effectiveness of a weight loss dietary treatment.
Despite the lack of such reports, there is an increasing number of publications showing the effect of meal timing on obesity. Of interest are the animal studies indicating that reversal of the feeding rhythm causes adverse metabolic effects and that correcting the timing of food intake can even prevent metabolic disturbances in animals on a high-fat diet. 10, 11, 36, 37 In humans, it has been recently published by Jakubowicz et al. 38 how a high carbohydrate and protein breakfast may prevent weight regain during a maintenance period by reducing diet-induced compensatory changes in hunger, cravings and ghrelin suppression. Moreover, in 1987 Sensi and Capani 39 published an elegant study in 19 subjects in which they investigated potential differences in weight loss with differences in food timing (one only meal at 1000 or at 1800 hours). However, weight loss did not vary between morning and afternoon eaters, though they found differences in lipid and carbohydrate oxidation with meal timing. An important aspect to consider is that the intervention was performed only during 18 days, and this short period of treatment seems to be insufficient to observe significant weight changes if we consider that in the current work differences with meal timing became apparent only at the 5th week of intervention (after 35 days).
One of the most surprising findings in our study was that there were no significant differences in total energy intake or energy expenditure between late and early eaters despite the disparity in weight-loss magnitude. Previous studies had similar surprising outcomes. Arble et al. 10 showed that nocturnal mice fed a high-fat diet during the day gained significantly more weight than mice fed at night, in spite of both groups consuming equivalent amounts of calories and exhibited similar levels of locomotor activity. Several other experiments have been performed in Zucker rats 39 and mice 11, 36, 40 with similar conclusions, indicating that the timing of food intake was a critical factor mediating increased weight gain independently of energy intake. In humans, the studies on the association between food timing and obesity have been focused particularly on shift workers. The majority of evidence indicates that although shifts workers are more prone to obesity than day workers, total energy intake over 24 h does not vary between day and shift workers, or between different work shift. 41 We estimated energy expenditure using the HarrisBenedict formula and METs. Even though we found no differences in either energy intake or expenditure between the late and early eaters, we cannot exclude the possibility that the groups had differences in resting energy expenditure not predicted by their weight, height, gender and age. Moreover, one limitation of the current work is that the Harris-Benedict equation is not very accurate to assess energy expenditure, especially during weight loss.
Additionally, human studies on non-breakfast eaters and nighteating syndrome patients are also consistent with the concept Table 1 . Differences in total weight loss (kg), percentage of weight loss from initial weight, and weekly weight-loss rate between late and early eaters depending on breakfast (median: 0900 hours), lunch (median: 1500 hours) and dinner (median: 2130 hours) timing Timing of food intake and weight loss M Garaulet et al that timing of food intake is a determining factor in weight gain. 42, 43 Of note, it has been published recently how high carbohydrate and protein breakfast may prevent weight. 38 Along these lines, our results show that late eaters had a significantly lower percentage of their total daily energy intake during breakfast, and skipped breakfast more frequently than early eaters, an effect that could be contributing to the differences in weight loss with lunch timing.
Although the mechanisms linking meal timing and weight loss is unknown, satiety hormones may be involved. 10 Changes in the levels of circulating satiety hormones, such as leptin or ghrelin, by circadian misalignment could influence energy intake and expenditure. 42, 43 However, in the current study no significant differences were found between early and late eaters in both appetite hormones. These results were not surprising considering that no differences in total daily energy intake were found either.
Multiple studies have shown the association between short sleep duration, increased risk for obesity [44] [45] [46] and impaired weight loss. 3 However, our data indicated no overall differences in sleep duration between late and early eaters. This shows similarity with the observation in nocturnal mammals in which daytime feeding, which results in obesity, was not associated with decreased sleep duration. 10 Moreover, a previous human study showed that the caloric consumption after 2000 hours was associated with increased BMI independently of sleep timing and duration. 47 Genetics is another factor to consider in the association between meal timing and weight loss. Indeed, in the current population, rs4580704-a C/G variation in the CLOCK gene (intronic) on human chromosome 4-was related to the time of lunch, and a higher frequency of minor allele carriers was present among late eaters. This genetic variation has been previously related to individual susceptibility to obesity and metabolic risk. 33, 34 Of note, this variant has been also associated with energy intake; with minor allele carriers showing higher energy intake. 34 The circadian system must continuously adapt to and synchronize our physiology with the environment. 48 Genetic variance in clock genes may be important in meal timing, possibly in part by changes in the recently demonstrated circadian control of hunger and appetite 49 and indirectly in weight regulation. Indeed, this is the first study to report the association of clock genetic variations with the timing of food intake. Earlier studies have identified allelic variants in LEP and LEPR genes that *Significant difference in the allele frequency of the major (CC), heterozygote (CG) and minor (GG) allele of CLOCK rs4580704 between early eaters (before 1500 hours) and late eaters (after 1500 hours). Bold face representing statistical differences with Po0.05.
Timing of food intake and weight loss M Garaulet et al significantly influence the energy intake distribution across meals, but not the time of meals. 48 Another possible explanation for our result is that late eaters were more evening types as determined by the morningnesseveningness questionnaire. Previous studies indicate that evening types have more propensity to put on weight and less ability to lose it, 4 and a delayed phase of the circadian rhythmicity has been associated with metabolic alterations and obesity. 50, 51 In theory, differences in sleep duration, chronotype and genetic variants could have explained the observed differences in weight loss between late and early eaters. Nevertheless, none of these factors were independently associated with weight loss. Although we do not discard the possibility that these effects may be additive as previously suggested. 10 The timing of the main meal by itself seems to be the most determinant factor in weight-loss effectiveness, and therefore eating at the right time may be a relevant factor to consider in weight-loss therapies.
The fact that it was the timing of lunch which related to the differences in weight-loss effectiveness and not the timing of breakfast or dinner seems to be unexpected. However, it is important to note that in this Mediterranean population lunch is the biggest meal of the day and comprises B40% of the total daily calories. This important intake of energy could be resetting peripheral clocks by itself or indirectly through changes in timing of the others meals. Indeed, the lunch timing was significantly correlated with the timing of other meals in the current study. That the timing of food intake can influence the circadian system has been widely demonstrated, 19 and may explain the lower insulin sensitivity as estimated by HOMA of late eaters as compared to early eaters. 52 Moreover, in this Mediterranean population the energy intake from breakfast was relatively low. Therefore, late lunch may prolong a 'semi-fasting' state and induce glucose metabolism impairments. On the other hand, the energy intake from lunch was approximately three times larger than that from breakfast, which may have been sufficient to maintain adequate glucose metabolism, even if dinner was late.
On the other hand, differences in insulin sensitivity by itself may have influenced food timing, because insulin resistance has been related to a delayed gastric emptying and impaired colonic transit time. 53 The current study explores the topic of timing in weight-loss programs. One strength is that the sample is relatively large with numerous exposure variables including biomarkers and genetic indicators. However, we must highlight that the current work is an In addition to these main meals, B3-4% of the daily caloric intake was consumed as untimed snacks. Timing of food intake and weight loss M Garaulet et al observational study. Therefore, although the association obtained between timing of main meal and weight loss is a novel and important observation, further interventional studies should be performed in order to demonstrate the causality of this observation. In summary, eating late may impair the success of weight-loss therapy. Unexpectedly, total energy intake, dietary composition and estimated energy expenditure were not explaining these results. Changes in the chronotype, genetic background and/or circadian system function may be implicated in this outcome. The current findings may help in the development of novel therapeutic strategies incorporating not only the caloric intake and macronutrient distribution-as is classically done-but also the timing of food.
